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a b s t r a c t
In this study we investigate the biomedical potential of composite membranes composed of anodic
aluminium oxide (AAO) and Poly (2-hydroxyethylmethacrylate) (pHEMA). The nano-porous AAO
membranes were produced using a temperature controlled two-step electrochemical anodization
technique. The AAO/pHEMA composite membranes were formed using the solution template wetting
technique. The Cercopithecus aethiops (African green monkey) Kidney (Vero) epithelial cell line was used
to demonstrate the applicability of the synthesised membranes and composites. Investigating cell
adhesion, morphology and proliferation over a 72 h period assessed cellular interactions and responses
of this cell line to the various membranes types. The novelty of the results stems from the use of pHEMA
as a constituent, a material which normally does not promote cell adhesion, hence its use in contact lens
and catheters.
& 2014 Published by Elsevier B.V.
1. Introduction
Cell behaviour such as adhesion, migration, and proliferation
are significantly influenced by surface properties of a material
being used to culture cells. Both surface topography and chemistry
of the material must be biologically compatible to promote cell-
material interactions. Therefore, cell-material interactions and the
surface environment of the material are of fundamental impor-
tance since they can have a significant influence on cell activity,
adhesion, morphology and proliferation [1]. From a tissue-
engineering point of view, any material that is considered for
potential use as a cell culture substrate or tissue scaffold must be
highly biocompatible with little or no detrimental effects.
The AAO membrane was synthesised using a two-step anodi-
zation technique. The type of nanometre scale porous structure
formed during anodization was governed by adjusting controllable
macroscopic parameters such as electrolyte type and concentra-
tion, temperature and applied voltage [2,3]. The resulting oxide
structure produces an array of pore channels with high aspect
ratios, regular periodicity and equally distributed throughout the
oxide layer. In this study the solution template wetting technique
is used to infiltrate Poly (2-hydroxyethylmethacrylate) (pHEMA)
into the porous structure of an AAO membrane to form a unique
composite. pHEMA is a biocompatible hydrophilic hydrogel which
has a three dimensional cross-linked polymeric structure which
swells in an aqueous environment without dissolving. And due to
its lack of toxicity pHEMA has been used in a number of
biomedical applications such as contact lens, cardiovascular
implants and soft tissue replacement and repair [4,5]. In terms
of soft tissue replacement and repair, studies have shown that
pHEMA with enhanced bioactivity can promote cell adhesion, cell
growth and protein adsorption [6,7]. Despite the advantages
offered by the AAO membrane it tends to be brittle and fragile,
while pHEMA lacks the mechanical strength and stability required
to provide a resilient tissue scaffold structure. The resultant AAO/
pHEMA composites had superior properties when compared to its
individual components. The cellular response of the Vero epithe-
lial cell line to the various membrane composites were investi-
gated via cell attachment and proliferation studies carried over a
72 h period.
2. Materials and methods
Materials: All Q3chemicals and reagents were purchased from
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further purification. Milli-Qs water (18.3 MΩ cm1) was used in
all aqueous solution preparations and was produced from a
Barnstead Ultrapure Water System D11931 (Thermo Scientific,
Dubuque, IA). The 99.99% pure aluminium foil (0.25 mm thick)
was supplied by Alfa Aesar (USA) and the Anodisc membrane
(diameter 25 mm, pore size 0.1 mm) used for comparative purposes
was supplied by Whatmans Anopore (UK).
Fabrication of in-house nano-porous AAO membranes: During the
first step, after the initial 5 h annealing period in a nitrogen
atmosphere, each strip (50 mm20 mm) was anodised using a
voltage of 60 V in an electrolyte solution of 0.3 M oxalic acid for
5 h. At the end of the first anodization step, a thin oxide layer
formed on the non-polymer coated side of the strip. This was
removed from the substrate by immersion in a stirred acidic
solution composed of phosphoric and chromic acid (70 mL/L and
20 g/L, respectively) at 60 1C for 1 h. The second anodization step
is performed under the same conditions as the first step, except
that the period of anodization is only for 3 h. During the second
step, a regular, honeycomb array of nanometre-sized pores are
formed across the surface of the oxide layer. After the second
anodization, the pores were then widened by chemical etching in
a 5% solution of phosphoric acid at 35 1C for 15 min. After
removing the Al substrate and barrier layer, the membrane was
sterilised in a 30% solution of hydrogen peroxide at 60 1C for
15 min [8].
Fabrication of anodic aluminium oxide AAO/pHEMA composite
membranes: The pHEMA/in-house AAO membrane and the
pHEMA/Whatmans Anodisc membrane composites were pre-
pared by using a solution wetting technique. Initially the mem-
branes were pre-soaked in sodium dodecyl sulphate (SDS) for 1 h.
The membranes were then systematically immersed into a solu-
tion composed of 1% w/v pHEMA dissolved in a solvent composed
of 50% ethanol and 50% MilliQs water. The membranes were
soaked in the polymer/solvent for 1 h before being removed
vertically from the solution. The composite membranes were then
dried in a vacuum oven (Napcos 5831 E series, USA) set to a
temperature of 70 1C.
Cell culturing, attachment and proliferation studies: The cell line
used in this in vitro study was the Cercopithecus aethiops (African
green monkey) Kidney (Vero) epithelial, and were supplied and
cultured by the Animal Health Laboratories, Animal Virology,
Department of Agriculture and Food, 3 Baron Hay Court, Kensing-
ton, Western Australia 6151, Australia [9,10]. Cell attachment
studies were carried out after 24 h, cells were stained using an
aqueous solution containing 1% Fuchsin acid. After soaking the
samples for 1 h, the excess stain was rinsed off Milli-Qs water, air
dry at room temperature and then mounted onto microscope
slides for optical microscopic investigation. Cell number measure-
ments were carried out in triplicate and the mean7standard
deviation presented.
Characterisation of materials and cells: The FESEM micrographs
were taken using the Zeiss Neon 40EsB FIBSEM (Carl Zeiss, Oberko-
chen, Germany). Micrographs were taken at various magnifications
ranging from 2 to 5 kV using the SE2 and InLens detectors (high
resolution o.8 nm). Samples were mounted on individual substrate
holders using carbon adhesive tape before being sputter coated with
a 2 nm layer of platinum to prevent charge build up using a
Cressington 208HR High Resolution Sputter coater. Optical micro-
scopy (OM) was used throughout the cell studies to examine cell-
membrane interactions such as attachment, migration and prolif-
eration. An Olympus BX51 compound microscope (Olympus Optical
Co. Ltd., Tokyo, Japan) was used for all optical studies and photo-
graphs were taken using the DP 70 camera attachment.
3. Results and discussions
The various substrate surfaces were investigated using both
optical microscopy and FESEM. The surface of the in-house AAO
membrane revealed an architecture that was highly ordered, with
close packed hexagonal arrays of uniformly sized pores as seen in
Fig. 1(a). The mean pore diameter and mean inter-pore distance
was calculated to be 104712 nm and 150714 nm (mean7std)
respectively. The ordered pore domains are tessellated across



































































Fig. 1. FESEM micrographs of the surface of (a) in-house synthesised AAO
membrane, (b) Whatmans Anodisc membrane [10,12] and (c) 300 nm thick layer
of pHEMA covering the surface of a Whatmans Anodisc membrane.
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density of 5373 pores/mm2. The other nano-porous membranes
used throughout the research work for comparative purposes
were the commercially available Whatmans Anopore (Anodisc)
membrane [11]. This membrane had a nominal pore size of
100 nm, an estimated inter-pore distance of 320 nm calculated
from the pore density [10]. The overall surface terrain of the
Anodisc membrane is very rough compared to the in-house AAO
membranes, with many very rough edges protruding up from the
surface along the inter-pore walls as seen in Fig. 1(b). The solution
template wetting technique was successfully used to infiltrate
both types of nano-porous membranes with pHEMA. After 1 h of
immersion in the pHEMA-solvent, the nano-porous structure was
infiltrated and a 300 nm thick surface covering was deposited, as
seen in Fig. 1(c).
Examination of Vero cells after 24 h of cultivation on all
substrates by optical microscopy and FESEM analysis revealed
good cell attachment and wide spread surface coverage, as seen
in Fig. 2(a) and (b). The FESEM analysis revealed the presence of
filopodia at the pore cell boundaries, which tended to spread
out over the surface of all substrates. FESEM images of cells on
respective substrates are presented in Fig. 2: (c) glass control
substrate, (d) in-house AAO membrane, (e) Whatmans Anodisc
membrane, and (f) pHEMA coated in-house AAO membrane. The
cell proliferation assay carried out over a 72 h period revealed
no evidence of infection or toxicity effects. Comparing the
results of the proliferation assays has clearly shown that the
presence of pHEMA in the composite membranes has signifi-
cantly enhanced its bioactivity and promoted cell growth over
the 72 h period. The in-house AAO/pHEMA composite mem-
brane significantly outperformed all other substrates and has
clearly demonstrated its potential suitability as a cell culture
substrate. The enhancement in cell numbers is believed to result
from a change in pHEMA surface chemistry, which is a conse-
quence of changes in the composition and bonding structure of
the membrane/pHEMA composites ( Q4Fig. 3). Studies by Ali et al.
have shown an interaction between the carbon atoms from the
pHEMA ester groups and the underlying aluminium oxide [14].
However, more studies are needed to fully investigate this
enhancement.
4. Conclusions
The results of this preliminary study have shown an increase in
cell attachment and proliferation when pHEMA is incorporated
into nano-porous AAO membranes. The composite membrane



































































Fig. 2. Optical microscopy of Vero cell proliferation at the 24 h period: (a) glass substrate control [12] and (b) in-house AAO membrane. FESEM images of cell attachment:
(c) cell on glass substrate [13], (d) several cells seen on in-house AAO membrane, (e) cell attached to Whatmans Anodisc membrane, and (f) cells attached to pHEMA coated
in-house membrane.
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no cytotoxic effects during the 72 h cell proliferation assay. The
study has established that an in-house nano-porous AAO mem-
brane has the biomedical potential for culturing the Vero cell line.
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Fig. 3. (a) Number of viable attached Vero cells on the controls [12] and the pHEMA
coated test substrates showing significant differences in cell attachment and cell
proliferation rates and (b) comparisons between the numbers of viable Vero cells
on the various substrates.
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